Abstract
compared strategies for removal of deleterious alleles by genome editing (RAGE) to 23 selection against carriers. Each strategy varied in how animals and variants were prioritized 24 for editing or selection. 25
Conclusions 26
Genome editing of deleterious alleles reduces deleterious load, but requires simultaneous 27 editing of multiple deleterious variants in the same sire to be effective when deleterious 28 variants are recessive. In the short term, selection against carriers is a possible alternative to 29 genome editing when variants are recessive. The dominance of deleterious variants affects 30 both the efficiency of genome editing and selection against carriers, and which variant 31 prioritization strategy is the most efficient. Our results suggest that in the future, there is the 32 potential to use RAGE against deleterious load in animal breeding. 33 against carriers is the strategy of choice for removing monogenic recessive deleterious 66 variants from animal breeding populations [5, 33] . Analogously, one could select against 67 deleterious load by avoiding selection candidates with high deleterious load. 68
69
The aim of this paper was to compare the efficiency of genome editing and selection against 70 carriers for decreasing deleterious load in an animal breeding program. We simulated 71 polygenic deleterious load subject to natural selection in a simulation of a closed animal 72 breeding population artificially selected for a quantitative performance trait representing the 73 breeding goal. We compared removal of alleles by genome editing (RAGE) to selection 74 against carriers using genotypes at deleterious variants. We compared strategies for 75 prioritizing variants for editing and individuals for selection based on deleterious allele and 76 genotype frequencies. Our results showed that RAGE reduces deleterious load, but requires 77 simultaneous editing of multiple deleterious variants in the same sire to be effective when 78 deleterious variants are recessive. In the short term, selection against carriers is a possible 79 alternative to genome editing when variants are recessive, but in the future, RAGE against 80 the deleterious load has great potential in animal breeding. 81
82

Methods
83
We used simulations to compare genome editing and selection against carriers using 84 genotypes at deleterious variants. We simulated artificial selection for a quantitative trait 85 variants simultaneously, we modelled a quantitative breeding goal trait and a fitness trait. 112
113
The breeding goal trait was a polygenic quantitative trait with additive effects. We randomly 114 assigned 10 000 segregating sites (1000 per chromosome) as quantitative trait variants for the 115 breeding goal trait with additive effects drawn from a normal distribution. 116
117
Fitness was a polygenic multiplicative trait that represented probability of survival prior to 118 artificial selection. We randomly assigned 10 000 segregating sites as fitness variants (again 119 1000 per chromosome), choosing variants that with allele frequencies below 0.01 for 120 codominant variants and 0.1 for recessive variants. The fitness variants were chosen 121 independently of the quantitative trait variants. The deleterious effect size was expressed as a 122 selection coefficient s against the mutant allele, going from 0 (no deleterious effect) to 1 (a 123 lethal allele). The fitness of each genotype was 1 for the homozygous wildtype, 1 -h s for the 124 heterozygote, and 1 -s for the mutant homozygote, where h is a dominance coefficient. 125 Dominance coefficients were either 0 for recessive variants or 0.5 codominant variants. We 126 assumed multiplicative effects, so that the fitness of an individual was the product of the 127 contribution of each fitness variant. The effect sizes were drawn from a mixture of three 128 uniform distributions with one third of variants being small (0 < s < 10 -4 ), one third 129 intermediate (10 -4 < s < 0.1), and one third large (0.1 < s < 1). These proportions were chosen 130 based on the estimated distribution of deleterious effects in humans [13] . 131
132
Deleterious mutations occurred randomly during burn-in and historical breeding with a per 133 locus mutation rate of 10 -4 , to give a deleterious mutation rate of 1 per individual and 134 genome. This is a conservative estimate for the deleterious mutation rate in mammals. No 135 back-mutation was allowed, meaning that only wild type alleles could mutate. Quantitative 136 trait variants for the breeding goal trait did not mutate, except during the initial coalescent 137 simulation to create ancestral haplotypes. 138
139
Pedigree structure and selection for the breeding goal trait
140
At each generation during the historical and future breeding, we first applied natural selection 141 for fitness, then artificial selection for the breeding goal trait on the remaining individuals. 142
For natural selection, we drew a uniformly distributed random number between 0 and 1 for 143 each individual. If the number was greater than the fitness value for that individual, the 144 individual was removed from the population before selection. For artificial selection, we 145 selected 25 sires and a variable number of dams based on true breeding value for the breeding 146 goal trait. Mating between sires and dams was random. Each dam had 10 progeny. The 147 number of dams selected was based on the number of dams required to give a population of 148 5000 individuals at the average level of deleterious load at the end of the burn-in phase. 149
150
Deleterious variant discovery
151
To simulate deleterious variant discovery, we selected a random fraction of the deleterious 152 variants that segregated at the end of historical breeding and assumed them to be discovered. 153
We used a discovery rate of 0.75 for the main scenarios, but also tested discovery rates of 0.5 154 and 1. To simulate imperfect detection of deleterious variants, we chose neutral segregating 155 variants as false positives at random. We added false positives so that the total number of 156 variants detected was equal to the number of segregating deleterious variants, and if 157 discovery rate was d, a fraction 1-d were false positives. These discovered variants were 158 allowed to be edited or used for selection against carriers subsequently. 159
During future breeding, we removed alleles by genome editing at discovered deleterious 163 variants in all the selected sires. For variants where a sire was not already homozygous 164 wildtype, we edited the genotype to homozygous wildtype, until a set number of variants had 165 been edited. We assumed that editing was accurate in that it always produced wild type 166 homozygotes, and had no deleterious off target effects. We edited 1, 5, or 20 variants per sire. 167
We only edited variants that were discovered and segregating in the population. 168
169
We used five different strategies for prioritizing variants for editing. These strategies were 170 based on information that would be available from genotyping the sires at discovered 171 deleterious variants, namely the deleterious allele and genotype frequencies. We assumed that 172 the deleterious effect size was unknown. The strategies were: 173
174
• By high frequency, removing variants in decreasing order of deleterious allele 175 frequency. 176
• By low frequency, removing variants in increasing order of deleterious allele 177 frequency. 178
• By lack of homozygotes, removing variants in decreasing order of the difference 179 between observed and expected deleterious allele homozygotes. 180
• By intermediate frequency, removing variants in decreasing order of deleterious allele 181 frequency after applying a threshold to exclude variants with allele frequency higher 182 than 0.25. 183
• Random, in random order, using the same random order for all sires. 184
For comparison, we also ran a baseline scenario without genome editing, starting from the 186 same initial populations after historical breeding. 187
188
Selection against carriers 189
During future breeding, we performed selection against carriers in sires by identifying 190 carriers of high deleterious load and removing them before selection. We avoided the 100, 191 250, or 500 individuals with the highest load when selecting sires. 192
193
We used three different strategies for selecting carriers. These strategies were based on 194 information that would be available from genotyping the sires at discovered deleterious 
Results
230
Our results show that both genome editing of deleterious alleles and selection against carriers 231 can reduce deleterious load in some cases, but is inefficient in others. The efficiency of 232 genome editing and selection against carriers, and which variant prioritization strategy is the 233 most efficient, depends on whether the deleterious variants are codominant or recessive. This difference in the distribution of frequencies and effects translates to differences in the 256 efficiency of RAGE and selection against carriers. Figure 2 shows a comparison of genome 257 editing using the best performing variant prioritization strategy, and selection against carriers 258 using total deleterious load. When deleterious variants were codominant, the best performing 259 strategy was prioritizing low frequency variants for removal by editing, and selection against 260 carriers was inefficient. When deleterious variants were recessive, the best performing 261 strategy was prioritizing intermediate frequency variants for removal by editing, and 262 selection against carriers was comparable to genome editing of one variant per sire. However, 263 multiplex editing of five variants per sire outperformed selection against carriers. 264
265
We varied the number of variants edited per sire, the number of sires avoided, and the 266 strategies for variant prioritization and selection in order to explore their effect on fitness 267 improvement. Figure 3 shows the change in fitness under different scenarios after ten 268 generations of future breeding, compared to the baseline case of breeding without genome 269 editing or selection against carriers. In what follows, we present first the effects of different 270 variant prioritization strategies on RAGE, then the effect of selection strategies on selection 271 against carriers, and finally the impact of the ability to accurately detect deleterious variants. 272
273
Our model allowed population size to fluctuate with deleterious load, and scenarios using 274 selection against carriers reduced the male population even further by excluding individuals 275 with high load. This affected the genetic gain in the breeding goal trait by up to a 4% increase 276 in gain in scenarios where deleterious load was alleviated, and up to a 5% loss of genetic gain 277 with selection against carriers (Figure 4) . 278
279
Effect of variant prioritization strategy on RAGE
280
The efficiency of genome editing of deleterious variants was affected by the number of 281 variants edited per sire, and the strategy for prioritizing variants for editing. Figure 5 shows 282 and prioritizing low frequency, high frequency, or randomly chosen deleterious variants for 284 editing. Figure 6 shows trajectories of fitness during future breeding using variant 285 The different variant prioritization strategies also differed in how many distinct variants were 297 edited. Table 1 shows the average number of distinct variants edited during ten generations of 298 future breeding with genome editing. Prioritizing low frequency variants for editing led to the 299 largest number of distinct variants being edited, the random order and intermediate allele 300
304
The efficiency of selection strategies against carriers also varied with the number of males 305 avoided, selection strategy, and dominance (Additional file 2). When deleterious variants 306 were codominant, selection against carriers was inefficient regardless of strategy. When 307 selection strategies. In no case was it better to select only on heterozygous or homozygous 309
load. 310 311
Effect of the ability to discover deleterious variants
312
The efficiency of genome editing and the relative performance of variant prioritization 313 strategies was affected by the discovery rate. Figure 7 shows fitness trajectories when varying 314 how many of the deleterious variants could be discovered and edited, showing an increase in 315 fitness improvement with perfect discovery rate, but little difference between a discovery rate 316 of 0.5 and 0.75, for all strategies. Thus, all strategies were susceptible to false positives, but it 317 mattered less whether the false positives made up 25% or 50% of the detected variants. 
Discussion
329
In this paper, we simulated deleterious load in an animal breeding program, and compared 330 the efficiency of genome editing and selection for decreasing it. We found that both removal 331 some scenarios. The dominance of deleterious variants affect the efficiency of genome 333 editing and selection against carriers, and determines which variant prioritization and 334 selection strategy is the most efficient. 335
336
In the light of these results, we will discuss (i) deleterious load in animal breeding 337 The dominance of deleterious variants affected the allele frequency distribution of deleterious 359 alleles, and therefore determined which variant prioritization strategy and selection strategy 360 was the most efficient. 361
362
When deleterious variants were codominant, large effect deleterious variants were rare. 363
Because codominant deleterious alleles are expressed even when in a heterozygous state, they 364 are exposed to purifying selection. Therefore, the best variant prioritization strategy was to 365 prioritize low frequency variants for editing. 366
367
In contrast, when deleterious variants were recessive, there were substantial numbers of large 368 effect variants at intermediate frequencies. This happens because of the inefficiency of 369 natural selection against recessive variants. Because recessive deleterious variants are 370 expressed only when in a homozygous state, they are more likely to do damage the more 371 common they are. Despite this, in the presence of false positives, the best variant 372 prioritization strategy was to prioritize intermediate frequency variants for editing. Because 373 false discoveries will be neutral variants, they will on average have higher frequencies than 374 genuine deleterious variants. Therefore, the high frequency variant prioritization strategy is 375 especially susceptible to false positives. Prioritizing intermediate frequency variants for 376 editing balances these effects, at least when the number of edits per sire are low. Another 377 benefit of prioritizing intermediate frequency variants, or randomly selected variants, for 378 editing is that this strategy requires fewer distinct variants to be edited, and therefore fewer 379 proven editing constructs to be developed and tested, compared to prioritizing low frequency 380 variants. 381 deficit of homozygotes. The strategy was inspired by the method for discovering recessive 384 lethal haplotypes of VanRaden et al [6] , who compared the number of observed and expected 385
homozygotes. This and related methods have been successfully used to detect recessive lethal 386 haplotypes in livestock. Its failure as a variant prioritization method may be due to the fact 387 that the simulated deleterious variants had variable effects, most of them individually of 388 small effect, or the fact that many variants were rare and therefore would have low numbers 389 of expected homozygotes. Furthermore, the frequency of lethal haplotypes may be 390 exaggerated by extremely widespread use of a few sires in cattle populations [6] . 391
392
In real populations, we should expect deleterious variants to be recessive, because they 393 persist longer in the population. Therefore, we should prioritize editing deleterious variants 394 breeding goal trait and fitness, a genomic deleterious mutation rate of 1, and equal dominance 424 coefficients for all variants. In real genomes, we expect that many more than 10 000 sites can 425
give rise to deleterious mutations, but since the number of segregating variants was not much 426 affected by the total number of fitness variants in the genome, this assumption appears to 427 have little impact on results. We simulated fitness as independent of the selected performance 428 trait. In real populations, we expect that fitness is to some extent already part of the breeding 429 goal in the form of survival, fecundity, and health traits. This means that it is possibly to 430 validate deleterious variants by phenotypic means, and including them in genomic selection 431 estimate, given that deleterious mutation rates for humans are often estimated to be higher 433 (e.g. 1.6-3) [2-4]. We assumed equal dominance coefficients for all variants: either 0.5 434 (codominant) or 0 (recessive). In real populations, there could be a range of dominance 435 coefficients, but recessive variants are expected to persist longer in the population. 436
437
Implications for breeding
438
We found that genome editing of deleterious alleles reduced deleterious load, but that when 439 variants were recessive, simultaneous editing of multiple deleterious variants in the same sire 440 was needed for it to be competitive with selection against carriers. When accurate multiplex 441 genome editing becomes available, RAGE has the potential to improve fitness to levels that 442 are impossible by selection against carriers. This is a formidable undertaking, but a possible 443 long term goal. The long-term benefits of genome editing to remove deleterious variants over 444 selection against carriers include both the possibility of greater gains in fitness, and the ability 445 to improve fitness without sacrificing selection intensity for the breeding goal trait. 446
447
In the short term, selection against carriers is a possible alternative to genome editing. It is 448 ineffective against codominant variants, but when variants are recessive, it is more effective 449 at alleviating deleterious load than editing one variant per sire, but it is less effective than 450 multiplex editing. The cost of multiplex genome editing is unknown, but can assumed to be 451 high. Therefore, it appears that selection against carriers will remain superior for some time. 452
The downside of selection against carriers is that the number of sires available for selection is 453 One genomic feature that may play into prioritization of deleterious variants for genome 479 editing is recombination rate variation. In regions of low recombination, which in mammal 480 genomes occur for example in centromeric regions and on the sex chromosomes, selection 481 phenomenon may both lead to accumulation of deleterious variants and reduced selection for 483 beneficial variants that are located there. Therefore, it may also be beneficial to prioritize 484 variants that experience low recombination rate for genome editing [62, 63] . 485
486
We have investigated removal of alleles by genome editing and selection against carriers to 487 alleviate the load of deleterious variants that segregate within a population. Genome editing 488 could also be used to remove deleterious alleles that are fixed in the population, and cannot 489 be removed by selection. Fixed deleterious variants could be detected by sequencing studies 490 that sample across populations and breeds that carry different sets of deleterious variants due 491
to chance events such as mutation, genetic drift, and founder effects. 
